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Planck, the 3rd Generation Space CMBMission
• Goal: measure the temperature anisotropies of the CMB to fundamental limits
down to 50, also measure polarization better than ever before
– Two state-of-
the-art cryogenic
instruments
– Ninebands, 30GHz
to857GHz. 30–
353GHzpolarized.
• First all-sky surveys at 143  ⌫  857GHz that can detect individual sources
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Orbit
• Scanned nearly great circles at 1 rpm
• Mapped the sky approximately every six months
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Time, “Surveys”, & Years
12 
12 
Current data release: 2015 
This is our second data release 
–  Full mission data (12 Aug 2009 – 23 Oct 2013). 
In addition to better S/N, the new release takes advantage of 
multiple full-sky redundancies 
–  Planck scans the sky differently in “even” and “odd” sky surveys. 
–  Scan changed between SS4 and SS5. 
There will be one more data release, next year. 
• Repeat observations provide multiple levels of null tests
• “Odd” and “Even” surveys, for example, have very different far sidelobe
pickup
Galactic straylight simulation
Odd survey Even survey
2014 release: Planck full mission
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yr1 yr2
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• 2014 release takes full advantage of 
multiple full-sky redundancies (main 
motivation for extension)
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• Due to Planck scanning strategy, odd 
and even surveys couple differently 
with sky signal
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2013 and 2015 Data Releases
2013 2015
15.5months, “nominal mission” 29 (HFI) & 48 (LFI) months, “full mission”
Temperature data only Temperature and polarization
Better calibration, beams, systematics, etc.
Maps, beams, etc., no time-ordered data Time-ordered data, maps, beams, etc.
31 “2013 results” papers ⇠20 “2015 results” papers, not all at once
FFP6 simulations FFP8 simulations
Release will be soon. Recognized but not
yet fully characterized systematic errors
a↵ect large angular scales in polarization.
CMB Q and U maps will be high-pass
filtered.
Data will be available from ESA archive at ESAC and NASA archive at IPAC.
Simulations will be available at NERSC.
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Slides from talks at Ferrara conference last month available at
http://www.cosmos.esa.int/web/planck/ferrara2014
PLANCK 2015 Overview & Systematics Lawrence—6 Minneapolis, 2015 January 14
The Universe: Temperature, Nine Frequencies
353 GHz
30 GHz 44 GHz 70 GHz
100 GHz 217 GHz143 GHz
545 GHz 857 GHz
Preliminary
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Planck Polarization, Seven Frequencies
Preliminary
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WMAP Polarization, Five Frequencies
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Component Separation
Two schemes
• For CMB and foreground maps
– Used for higher-order statistics, foreground studies
– Four methods for separating diffuse foregrounds
Commander — parametric model fitting in pixel space
NILC — needlet (wavelet) internal linear combination
SEVEM — template fitting in pixel space
SMICA — non-parametric (low rank) spectral fitting and filtering
– “Discrete” foregrounds handled various ways depending on use
• For likelihood and parameters (second-order statistics)
– Modeling and subtraction at the power spectrum level
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CMB and Foreground Stokes I Maps
Planck Collaboration: Di↵use foregrounds component separation
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Fig. 5. Maximum posterior amplitude intensity maps derived from the joint baseline analysis of Planck, WMAP and 408MHz
observations. From left to right and top to bottom, the components are 1) CMB temperature; 2) synchrotron brightness temperature at
408MHz; 3) free-free emission measure; 4) spinning dust brightness temperature at 30GHz; 5) thermal dust brightness temperature
at 545GHz; 6) 94/100GHz line emission, evaluated for the 100-ds1 detector map; and 7–9) CO line emission for J=1!0, J=2!1,
J=3!2. Panels 2–5 employ the non-linear HDR color scale, while all other employ linear color scales.
the exact mathematical definition. However, we note that the as-
sumption of constant line ratios is not strictly valid because of
the non-zero velocity of molecular clouds, and this either red- or
blueshifts intrinsic line frequency. Furthermore, because also the
derivative of the bandpass profile evaluated at the line frequency
varies between detectors, the e↵ective observed line ratio also
vary on the sky. As we shall see in Sect. 5, this e↵ect repre-
sents in fact the dominant residual systematic in some of our
frequency channels after component separation. In future analy-
ses, this e↵ect may be exploited to construct an e↵ective velocity
map of the Galaxy, possibly allowing us to mitigate this particu-
lar systematic e↵ect.
Thermal Sunyaev-Zeldovich The last of the main astrophysi-
cal components included in this analysis is the thermal Sunyaev-
Zeldovich (SZ) e↵ect, which is caused by CMB photons scatter-
ing on hot electrons in clusters. After such scattering, the e↵ec-
tive spectrum no longer follows a perfect blackbody, but is rather
given by the expression5 listed in Table 2. The only free param-
eter for this e↵ect is the Compton parameter, ysz, which for our
purposes acts a simple amplitude parameter. Note that the e↵ec-
tive SZ spectrum is negative below and positive above 217GHz,
5 For simplicity, we adopt the non-relativistic expression for the ther-
mal SZ e↵ect in this paper.
and this distinct feature provides a unique observational signa-
ture. Still, the e↵ect is small for all but the very brightest clus-
ters on the sky, and the ysz map is therefore particularly sensitive
to both modelling and systematic errors. In this paper, we only
fit for the thermal SZ e↵ect in two separate regions around the
Coma and Virgo clusters, which are by far the two strongest SZ
objects on the sky, in order to prevent these from contaminat-
ing the other components. Full-sky SZ reconstruction within the
present global analysis framework requires significantly better
control of systematic e↵ects than what is achieved in the current
analysis, in particular at high frequencies.
Monopoles and dipoles In addition to the above astrophysi-
cal components, the microwave sky exhibits important signal
contributions in the form of monopoles and dipoles. The prime
example of the former is the CMB monopole of 2.7255K it-
self, and a second important contributor is the cosmic infrared
background (CIB; see Planck Collaboration XXX 2014 and ref-
erences therein). The main dipole contribution comes from the
CMB dipole, which has an amplitude of 3,365.5 (3,364.0) µK as
measured by LFI (HFI); the di↵erence between the LFI and HFI
measurements of 1.5 µK is within quoted uncertainties (Planck
Collaboration A01 2014).
Ideally, the CMB dipole contribution should be removed
during the map making step (Planck Collaboration A07 2014;
10
Preliminary
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CMB and Foreground StokesQ,U Maps
Planck Collaboration: Di↵use foregrounds component separation
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Fig. 16. Maximum posterior amplitude polarization maps derived from the Planck observations between 30 and 353GHz. Left and
right columns show the Stokes Q and U parameters, and rows show, from top to bottom, CMB, synchrotron polarization at 30GHz
and thermal dust polarization at 353GHz. The CMB map has been highpass-filtered with a cosine-apodized filter between ` = 20
and 40, and the Galactic plane has been replaced with a constrained Gaussian realization (Planck Collaboration A11 2014). The two
top rows employ linear color scales, and the bottom row employs the non-linear HDR color scale.
short frequency lever arm, and it is from algebraic considera-
tions expected to be the cleanest solution in terms of systematics.
However, it also su↵ers from significantly higher statistical noise
compared to the other types. Type-2 attempts to improve on this
situation by fitting for all CO line maps simultaneously, using
the same algebra and implementation as Type-1, but addition-
ally using multi-frequency observations and imposing a simple
(spatially constant) frequency model for thermal dust. Finally,
in the 2013 release a Type-3 map also provided, which was a
Commander solution, as described above, but assuming a rigid
CO scaling between any two frequency maps, leaving only one
free CO amplitude parameter per pixel, and one free overall line
ratio per frequency map. This approach results in the highest
signal-to-noise ratio, e↵ectively by compressing all information
into one map, but it is also relies directly on the accuracy of the
overall model to avoid foreground leakage into the CO map.
As described above, the Commander CO model has been
generalized in the current release, and is now in principle very
similar to Type-2, with the main di↵erence being a di↵erent ef-
fective signal model to account for other components. No new
Type-3 map is delivered in the 2014 data release, but this has
been superceded by the new Commander J=2!1 map, which
23
Preliminary
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Synchrotron P Map at 30GHz from Commander
APs
0 100µKRJ @ 30 GHz
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Dust P Map at 353GHz from Commander
APd
0 20 200
µKRJ @ 353 GHz
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Color-Coded Foregrounds
Blue—synchrotron; Green—free-free; Yellow—CO; Red—thermal dust
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The Universe, Age 370,000 Years
[The plane of the Milky Way is filled in with a “constrained realization”.]
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What have we learned?
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Six Parameters
A “simple” 6-parameter ⇤CDM model still
fits the Planck data extremely well!
• As, ns — inflation fluctuations; 10 35 s;
– scale invariance ruled out at 7 
• ⌦bh2, ⌦ch2 — baryons and cold dark matter; first few minutes
– 0.6% and 1.1% precision
• ✓MC — sound horizon; 370,000 years
– 0.03% precision
• ⌧ — reionization optical depth; 13.8 billion years
– 1  lower than before
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Angular Power Spectrum + Best-Fit Model, 2013
2013&
Planck Collaboration I 2013
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Angular Power Spectrum + Best-Fit Model, 2015
2014&
preliminary&
preliminary
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Polarization Spectra, Same Model
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Changes in ⇤CDMModel Parameters
• Typical uncertainty reduced by more than 25
• Photometric calibration, nowonorbital dipole, increasedby 0.8%.
– Uncertainty 0.05%. Excellent agreement between WMAP, LFI, & HFI!
• Thomson ⌧ lower by ⇠ 1  (so zre decreased ⇠ 1 )
– But calibration increased power, so  8 hardly changed
• ns increased by ⇠ 0.7 
• !b increased by ⇠ 0.6  and error decreased.
• Limits on isocurvature modes, ⌦K, m⌫,  Ne↵, fNL, DM annihilation,
etc., all tighter. No deviations detected.
Preliminary
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Lensing Potential
19 
19 
Lensing potential 
Lensing now measured at 40σ.
Better than predicted by anisotropy!Preliminary
PRELIMINARY
• Lensingnowmeasuredat 40 . Better thanpredictedbyanisotropy!
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Lensing Spectrum
20 
20 
Lensing power spectrum 
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Preliminary
Conservative L range, 
contains most of S/N. 
preliminary
• Constrains  8⌦1/4M to 3.5%!
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Baryon Acoustic Oscillations
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• Excellent agreement between Planck, BAO surveys. . .
rs = comoving sound horizon at end of baryon drag epoch
DV =

(1 + z)2D2A(z)
cz
H(z)
 1/3
DA = angular diameter distance
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Spatial Curvature
• CMB + later-time data from lensing and BAO lead to remarkable
constraints on spatial curvature. . .
⌦k = 0.000± 0.005(95%)
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Neutrino Masses
• . . .and on neutrino masses ⌃⌫ < 0.21eV (95%)
0.0 0.4 0.8 1.2
⌃m⌫ [eV]
56
64
72
H
0
0.60
0.64
0.68
0.72
0.76
0.80
0.84
0.88
 
8
PLANCK 2015 Overview & Systematics Lawrence—27 Minneapolis, 2015 January 14
Big Bang Nucleosynthesis
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Atomic Physics
• Hydrogen 2s!1s two-photon rate crucial for recombination dynamics
• Best lab measurement has 43% error (Labzowsky et al. 2005)
• Planck data directly constrain its value
4.5 6.0 7.5 9.0 10.5
A2s!1s
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0.4
0.6
0.8
1.0
P
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ax
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CosmoRec TT + lowP + BAO
CosmoRec TTTEEE + lowP + BAO
RecFast TTTEEE + lowP + BAO
Atheory2s!1s = 8.2206 s
 1(Labzowsky et al. 2005)
A2s!1s = 7.71± 0.99 s 1
(Planck TT+lowP+BAO)
A2s!1s = 7.75± 0.61 s 1
(Planck TT,TE,EE+lowP+BAO)
Planck measurement of the HI 2s-1s two-photon rate
• Planck measurement in excellent 
agreement with theoretical value
• Planck only values very similar
• CosmoRec and Recfast agree...
Preliminary
Planck Collaboration, 2014
• HI 2s-1s two-photon rate crucial for recombination dynamics 
• Value is not well measured in lab (best constraint ~ 43% error; Krueger & Oed 1975)
• Planck data can be used to directly constrain its value
~ 8% error!
• Atheory2s!1s = 8.2206 s 1
• A2s!1s = 7.71± 0.99 s 1
Planck TT + lowP + BAO
• A2s!1s = 7.75± 0.61 s 1
Planck TT , TE, EE + lowP + BAO
• Planck measurement in excellent
agreement with theor tical value
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fNL
Planck 2014
New)bispectrum)constraints)using)full)
mission)data…))
Planck Collaboration: Planck 2013 Results. XXIV. Constraints on primordial NG
Fig. 4. Note these are Nominal Mission results only ...
Comparison between the bispectrum reconstruction in the three
alternative basis representations plotted in the signal-dominated
regime with `lmax < 1500. Upper plot is nmax = 301 hybrid
Fourier basis ??, middle is nmax = 601 hybrid polynomial and
the lower is the nmax = 501 sinlog basis. Ten evenly spaced
contours have been plotted ranging from negative (blue) to posi-
tive (red). Although the reconstructions have independent bases
with di↵erent resolutions, the bispectrum signal exhibits qualita-
tively similar features, including the apparent banding or oscil-
lations varying in the quantity ˜` = (`1 + `2 + `3)/2. Note that the
sin-log basis has variable resolution which is higher for ˜` small.
Table 9. Results for the fNL parameters of the primordial lo-
cal, equilateral, and orthogonal shapes, determined by the KSW
estimator from the SMICA foreground-cleaned map. Both inde-
pendent single-shape results and results with the ISW-lensing
bias subtracted are reported; error bars are 68% CL . The final
reported results of the paper are shown in bold face.
fNL(KSW)
Shape and method Independent ISW-lensing subtracted
SMICA (T)
Local . . . . . . . . . 9.5 ± 5.6 1.8 ± 5.6
Equilateral . . . . .  10 ± 69  9.2 ± 69
Orthogonal . . . . .  43 ± 33  20 ± 33
SMICA (T+E)
Local . . . . . . . . . 6.5 ± 5.1 0.71 ± 5.1
Equilateral . . . . .  8.9 ± 44  9.5 ± 44
Orthogonal . . . . .  35 ± 22  25 ± 22
8. Other non-Gaussianity Shapes for fNL
This section will present limits on fNL for other shapes:
8.1. Isocurvature non-Gaussianity
We now show the results obtained for a study of the isocurvature
NG in the Planck 2014 Smica map using the binned bispectrum
estimator. As explained in Sec. 2.4, we only investigate isocurva-
ture NG of the local type, and in addition always consider only
one isocurvature mode (either cold dark matter, neutrino den-
sity, or neutrino velocity isocurvature) in addition to the adia-
batic mode. In that case there are 6 di↵erent fNL parameters: a
purely adiabatic one (a,aa, which correponds to the result from
Sec. 6), a purely isocurvature one (i,ii), and four mixed ones (see
Sec. 2.4 for an explanation of the notation).
The results are given in Table 10.7 Looking at these results
we see no clear signs of any isocurvature NG. There are a few
values that deviate from zero by up to about 2.5 , but such a
small deviation, in particular when it is not present in both T
and T+E, cannot be considered a detection. We do see that many
constraints are tightened considerably when including polariza-
tion, by up to the predicted factor of about six for the cold dark
matter a,ii, i,ai, and i,ii modes in the joint analysis.
8.2. Feature models
An interesting class of scale-dependent bispectra is given by lin-
ear oscillations of the shape given in Eq. (11) known as the fea-
ture model. In [Planck 2013 NG] we performed an initial search
for such models by means of the modal expansion. This search
was limited to kc > 0.01 by the native resolution of our im-
plementation of the modal estimator (using 600 modes). With
the improved resolution of the modal estimator (now using 2000
modes) we are able to achieve convergence over a broader range
up to kc = 0.02. We perform a frequency scan of 500 sampling
7 Compared to definitions in the literature based on ⇣ and S (see
e.g. Langlois & van Tent (2012)), here we adopt definitions based on
 adi = 3⇣/5 and  iso = S/5, in order to make the link with the stan-
dard adiabatic result more direct. Conversion factors to obtain results
based on ⇣ and S are 6/5, 2/5, 2/15, 18/5, 6/5, and 2/5, for the six modes
respectively.
16
Planck)2013)
Prelimina y*
Constraint)volume)in)LEO)space)
shrunk)by))factor)of)3.)
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Constraints on Inflation
• Constraint on tensor-to-scalar ratio (r0.002 < 0.10 at 95% CL with no “running” with
Planck TT and lowP is dominated by the temperature low-` tail.
• Tighter constraints on inflationary models by Planck 2015 data.
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LensingB-mode Spectrum
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Planck and the BICEP2 FieldMeasurement of the dust in the BICEP2 field
CℓBB
 Computation of the BB spectrum at 353 GHz in the BICEP2 region 
 Extrapolation to 150 GHz
 4.5휎 detection of the dust at 353 GHz 
 3.6휎 prediction at 150 GHz
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Systematics
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Low Noise
• Necessary. . .
Noise measured in-flight, full mission (CMB channels)
30GHz 44GHz 70GHz 100GHz 143GHz 217GHz 353GHz
Angular resolution [arcmin] 33.2 28.1 13.1 9.7 7.3 5.0 4.9
Noise sensitivity [µKCMB s1/2] 148.5 173.2 151.9 41.3 17.4 23.8 78.8
NOISE/PIXEL
From detector sensitivity [µKCMB ] 9.2 12.7 23.9 9.6 5.4 10.7 36.5
Measured from maps [µKCMB ] 9.2 12.5 23.2 11.2 6.6 12.0 43.2
Extended mission [months] 48 48 48 29 29 29 29
End-of-missioni [µKCMB ] 5.2 7.1 13.2 8.2 4.8 8.8 31.6
Measured End-of-Mission [ΔT/T, µK/K] 1.9 2.6 4.8 3.0 1.8 3.2 11.6
2005: Blue book GOAL [ΔT/T, µK/K] 2.0 2.7 4.7 2.5 2.2 4.8 14.7
1996: Red book GOAL [ΔT/T, µK/K] ~ 2 
Planck sensitivity
At end of mission Planck 
fulfills completely the very 
ambitious sensitivity goals 
proposed in the design 
phase several years ago
At end of mission, Planck fulfills completely the
very ambitious sensitivity goals proposed in the
design phase many years ago
• . . .But not nearly enough
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Ultimate Limits
• Foregrounds
• Systematics
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Foregrounds
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Temperature
• All components smoothed to 1 
• Sky fractions 81–93% of sky
• Foreground minimum 80GHz (81%)
90GHz (93%)
Polarization
• All components smoothed to 400
• Sky fractions 73–93% of sky
• Foreground minimum 70GHz (73%)
85GHz (93%)
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IPSIG, July 2012 What About...?
• “Observe above (below) the minimum. Better to observe one foreground well
than many.”
• “Dust isn’t highly polarized.”
• “Observe in really clean patches of sky.”
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IPSIG, July 2012 Foregrounds—cont’d
• “Observe above (below) the minimum. Better to observe one foreground well
than many.”
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At 73% of sky: Dustpol > 0.1 ⇥ CMBpol above 13GHz
Synchpol > 0.1 ⇥ CMBpol below 200GHz
Dustpol > 10 ⇥ CMBpol above 200GHz
Synchpol > 200 ⇥ CMBpol below 13GHz Doomed!
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IPSIG, July 2012 Foregrounds—cont’d
• “Dust isn’t highly polarized.”
Polarization fraction p vs NH
‣ Polarization fraction up to 20%. 
‣ Large dispersion of p at all NH, 
tracing changes in B-field 
orientation and depolarization 
within the beam.  
‣ Sharp decrease of p > 1022 H 
cm-2. Consistent with earlier 
results from ground-based 
observations. It has been 
interpreted by a loss of grain 
alignment in the shielded 
interiors of clouds.
PIP XIX (2014)
PIP XIX 2014
• Polarization fractionup to20%
• Large dispersion of p at all
NH, tracing changes in B-
fieldorientationanddepolarization
within the beam
• Sharp decreaseof p forNH >
1022 cm 2 Interpreted as
loss of grain alignment in the
shielded interiors of clouds.
Doomedagain!
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IPSIG, July 2012 Foregrounds—cont’d
• “Observe in really clean patches of sky.”
APd
0 20 200
µKRJ @ 353 GHz
A space B-mode polarization mission must measure the reionization scales, and that requires a lot of sky.
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857GHz
PLANCK 2015 Overview & Systematics Lawrence—42 Minneapolis, 2015 January 14
IPSIG, July 2012 Foregrounds— cont’d
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Foregrounds— end
There is no escape from foregrounds
in polarization!!!
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Systematics — LFI
• ADC non-linearity (0.31µK in T at 70GHz)
• Bias fluctuations (0.13µK)
• Pointing uncertainty 0.12µK)
• 20-K temperature fluctuations (0.08µK)
• 1-Hz spikes (0.08µK)
• 4-K temperature fluctuations (temp of 4-K loads) (0.07µK)
• Intermediate sidelobes (0.07µK)
• Polarization angle uncertainty (0.003µK)
• 300-K temperature fluctuations (< 10 3 µK)
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Sum of Systematics, 30GHz I
PRELIMINARY
 0.5µK 0.5µK
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Sum of Systematics, 30GHzQ
PRELIMINARY
 0.7µK 0.7µK
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Sum of Systematics, 30GHz U
PRELIMINARY
 0.6µK 0.6µK
PLANCK 2015 Overview & Systematics Lawrence—48 Minneapolis, 2015 January 14
Sum of Systematics, 44GHz I
PRELIMINARY
 0.9µK 0.9µK
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Power Spectrum Uncertainties, 30GHz TT
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Power Spectrum Uncertainties, 30GHzEE
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Systematics — HFI
• ADC non-linearity
• Cosmic ray residuals
• 4-K cooler EMI ) lines at specific frequencies in the temporal
power spectrum
• Long-time-constant detector response
• Sidelobes and beams
• I ! Q,U leakage
Gain mismatch
Bandpass mismatch
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HFI Systematics — ADC Non-Linearity
Planck Collaboration: Planck 2014 HFI Data Processing: 1 - TOI and Beam processing
Figure 17. The relative gain difference between parity + and − samples is shown as a function of the ring number. A boxcar average
by 101 rings has been applied. The purple data refer to the 2013 release done without ADC correction while the red points refer to
the present data release with ADC correction. The median error bars are of the order of 10−4 for the ADC corrected TOI.
the Galactic Plane and far from bright point sources in order to
avoid strong gradient leftovers (see Section on flag description
in Planck Collaboration (2013)). The bias induced by the signal
subtraction is corrected for. The average value (after calibration)
over the mission is given in Table 5. This is compatible with
values quoted in Table 4 of Planck Collaboration VI (2014).
Trends of the so-called total noise versus ring number before
(black dots, 2013 release) and after the ADC correction (blue
dots, this release) are shown in Fig. 22. The histograms on the
right panels show the distribution of the noise. The box gives the
width of the distribution at half maximum, as measured on the
histogram, normalized to the mean noise level. In most cases,
there is a significant decrease in the relative width of the dis-
tribution when the ADC correction is included, though (1) that
decrease is more significant for the low frequency channels, and
(2) since the distributions are non-Gaussian, very large decreases
(or increases) indicate a large change in the structure of the dis-
tribution. Nevertheless, there are several cases where a jump in
the noise is removed by the ADC correction (143-2a, 143-4a,
353-2). Other noise jumps (mostly at the sub-percent level ex-
cept for bolometer 353-3a) remain unexplained. The noise of
some bolometers shows a linear trend with time but at the sub-
Table 5. HFI Average total noise. For one bolometer, the rms
noise is given. The averaging between bolometers of the same
band is done with the same weighing scheme used by the map-
making procedure. The band average (4th column) refers to the
sensitivity of the collection of Nb bolometers at the same fre-
quency.
Band Nb Bol. total noise Band total noise Units
100 8 113.3 40.0 µKCMB s1/2
143 11 57.5 17.3 µKCMB s1/2
217 12 83.2 24.0 µKCMB s1/2
353 12 282.0 81.4 µKCMB s1/2
545 3 45.5 26.3 kJy sr−1 s1/2
857 4 49.2 24.6 kJy sr−1 s1/2
percent level. For most bolometers, the noise stationarity is as-
certained below the percent level. Knowing (from Paper 2) that
the gain is stable at the per thousand level, let us conclude on
the remarkable stability (better than the percent level) of the HFI
17
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HFI Systematics — Cosmic RaysPlanck Collaboration: Planck 2014 HFI Data Processing: 1 - TOI and Beam processing
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Figure 10. Impulse response of bolometer 143-6 to short glitches and to Jupiter.
time transfer function, and fitting the correct beam centers by
comparing data and model for both fast and nominal spin-rate.
For the same reason, a direct comparison of deconvolved time-
line has not proven to be useful to better constrain time response
parameters.
4. Planets and main beam description
The nomenclature of Planck Collaboration VII (2014), where the
scanning beam is defined as the coupled response of the optical
system, the deconvolved time response function, and the soft-
ware lowpass filter applies to the data.
The effective beam represents the averaging of signal due to
the scanning of the telescope and mapmaking, and varies from
pixel to pixel across the sky.
Here we redefine the main beam to be the scanning beam
out to 100′ from the beam axis. The sidelobe structure at this
radius is dominated by diffraction at the mirror edges and falls as
∝ θ−3 where θ is the angle to the main beam axis. The main beam
is used to compute the effective beam and the effective beam
window function, which describes the filtering of sky signal.
The smearing of the main beam cannot be significantly re-
duced without boosting the high frequency noise. The regular-
ization function chosen has approximately the same width as the
instrumental transfer function. The deconvolution significantly
reduces the long tail of the scanning beam (see Fig. 11).
The deconvolution also symmetrises the time response, so
the residual "streaking" appears both ahead and behind the main
beam. It should be spelled out why this is a desirable feature.
The far sidelobes are defined as a response from beyond 5◦
of the beam axis, roughly the minimum in the optical response.
The response begins to rise as a function of angle beyond this
due to spillover. The far sidelobes are handled seperately from
the beam effects (See Sec. 4.6 for justification and Paper 2 for
details).
Observations of planets are used to build the main beams and
to calibrate the 545 and the 857GHz channels. The main beam is
needed to correct for the filtering of the CMB sky by the instru-
ment, details of which can be found in Planck Collaboration VII
(2014). There were several key changes in the reconstruction of
the main beam since the 2013 data release, described in detail in
Appendix B:
– The time ordered data from Saturn and Jupiter observations
are merged prior to B-spline decomposition, accounting for
residual pointing errors and variable seasonal brightness be-
fore the B-spline decomposition. This is achieved by deter-
mining a scaling factor and a pointing offset by fitting the
time ordered data to a template from a previous estimate of
the scanning beams. We iterate the planet data treatment up-
dating the template with the reconstructed scanning beam.
The process converges in five iterations within a tenth of a
percent accuracy in the effective beam window function.
– Steep gradients in the signal close to the planet reduce the
completeness of the standard glitch detection and subtrac-
tion procedure; therefore the planet timelines are deglitched
a second time.
– The beam pipeline destripes the planet data, estimating a sin-
gle baseline between 3circ and 5◦ before the peak for each
scanning circle. Baseline values are smoothed with a 40 cir-
cles sliding window. The entire scanning circle is removed
from the beam reconstruction if the statistic in the timeline
region used to estimate the baseline is far from Gaussian.
– the main beam is now defined to extend to a radius of 100′
from the centroid, as opposed to 40′. The cutoff of 100′ was
chosen such that a diffraction model of the beam at large
angles from the centroid gives predicts that less than 5×10−5
of the total solid angle is missing.
– The scanning beam is constructed by combining data from
Saturn observations, Jupiter observations, and physical op-
tics models using GRASP software.
– No apodization is applied to the edge of the scanning beam
map.
– To ensure compatibility with the temporal transfer function,
the region following the peak of the main beam in the scan-
ning direction has no post treatment beyond the B-spline de-
composition. Optical assumptions are not valid there.
The update of the time response deconvolved data has
slightly changed the scanning beam, the effective beam solid an-
gles and the effective beam window functions.
4.1. Hybrid Beam model
A portion of the near sidelobes was not accounted for in
the effective beam window function of the 2013 data (Planck
Collaboration VII 2014; Planck Collaboration XXXI 2014). To
remedy this, the domain of the main beam reconstruction is ex-
tended from 40′ to 100′. Saturn data are used where they are
signal-dominated. Where the signal-to-noise ratio of the Saturn
data fall below 9, azimuthally binned Jupiter data are used. At
10
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• “Short” glitches are due to particles hitting bolometer grid or thermistor
– Time response of heat dissipation the same for short glitches and photons
– Have a long tail, observed to be the same as on Jupiter scans
) Stacked short glitches give high SNR measurement of photon time response
• Current bolometer time transfer function: sumof five single-pole low-pass functions
F (!) =
X
i=1,5
ai
1 + i!⌧i
– Values of ⌧i range from a few milliseconds to a f w seconds
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Systematics in the Future
• Over most of the multipole range, Planck is not limited by systematics
• For both LFI and HFI, calibration and control of systematics will improve in
2015
• At present, systematics are the limiting factor for HFI at large angular
scales
– All the important systematics have been identified and understood at some
level, but have not been characterized well enough in the “2015 results” for
release of the data
– This is changing
– They interact. Simultaneous, self-consistent removal required, and better
simulations of instrument effects to support that removal.
– That will happen in 2015
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Commentary for Future Space Missions
• It seems likely that in the end Planck will not be systematics-limited on any
angular scale
• It was a huge effort, but well, OK. . .
• But, if the noise level were a factor of 10 or 20 lower, that would not be
the case
• Space missions should not be planned with untested technologies and
techniques, hoping for the best
• Test and demonstrate EVERYTHING sub-orbitally first
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Conclusion
• The Planck mission has been stunningly successful.
• Impressive confirmation of the standard cosmological model.
– Precise constraints on model and parameters.
– Tight limits on deviations from base model.
– Some indications of internal and external tensions, but with only
modest statistical significance.
• New analysis should improve data quality even more for the final
release!
– Hope for even better polarization measurements.
– Joint Planck+Keck+BICEP analysis coming soon.
frequencies
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WMAP9, for Comparison
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